Non-reversing and reversing double-step strain flows on concentrated entangled polystyrene in diethyl phthalate or tricresyl phosphate were employed to characterize transient entanglement properties affecting subsequent chain stretch and relaxation. An extended Doi-Edwards tube theory for double-step strain flows was employed to retrieve the phenomenological stretch relaxation function following a second large probe strain imposed on specially selected time scales that permit a direct assessment of the modified chain stretch with varying transient entanglement structure. Compared with single-step strain result, the maximum mean-square segmental stretch was noted to reduce by as much as 33% and 48% for non-reversing and reversing flows, respectively, with a probe strain ␥ 2 =7.
Chain stretch and relaxation in transient entangled solutions probed by double-step strain flows

Synopsis
Non-reversing and reversing double-step strain flows on concentrated entangled polystyrene in diethyl phthalate or tricresyl phosphate were employed to characterize transient entanglement properties affecting subsequent chain stretch and relaxation. An extended Doi-Edwards tube theory for double-step strain flows was employed to retrieve the phenomenological stretch relaxation function following a second large probe strain imposed on specially selected time scales that permit a direct assessment of the modified chain stretch with varying transient entanglement structure. Compared with single-step strain result, the maximum mean-square segmental stretch was noted to reduce by as much as 33% and 48% for non-reversing and reversing flows, respectively, with a probe strain
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I. INTRODUCTION
Rheological properties of entangled polymers in double-step strain flows have been studied extensively in the last three decades ͓Doi ͑1980a͒; Osaki and Kurata ͑1980͒; Osaki et al. ͑1981͒; Venerus et al. ͑1990͒; Isono et al. ͑1991͒ ; Venerus and Kahvand ͑1994͔͒. In double-step strain flows, the first strain ␥ 1 and the second strain ␥ 2 are applied at t = 0 and t = t 1 , respectively. A crucial evaluation of rheological constitutive equations for viscoelastic liquids can be carried out in such fast flows as various large deformation histories are imposed to the sample fluids. For entangled solutions, the momentum transport is primarily mediated by polymer entanglements, and the solvent plays only a minor role. Thus, understanding the entanglement dynamics and structure is of great importance as the transient entangled network of the fluid affects the subsequent material deformation and stress relaxation. It has been well known that the prediction of the Doi-Edwards ͑DE͒ theory with independent alignment ͑IA͒ assumption is identical to that of the K-BKZ theory ͓Doi and Edwards ͑1986͔͒, and the validity of both theories was acceptable in non-reversing flows at low strain levels ͓Osaki et al. ͑1981͒; Venerus et al. ͑1990͔͒ . Relatively poor predictions on reversing flows have been noticed, however. Doi ͑1980a͒ later derived constitutive equations without using the IA assumption, and it appeared that good agreement was found between the experiment and theory for ͑t − t 1 ͒ ӷ R ͓Osaki and Kurata ͑1980͔͒, where R is the longest Rouse relaxation time. Thus, although the DE or K-BKZ theory can, in general, predict the stress relaxation data following the second strain, their applicability is limited to cases in which ͑t − t 1 ͒ Ͼ k , where k is the time-strain separability time indicative of complete chain retraction. Until more recently, the influence of the chain retraction process was systematically explored by Venerus and Kahvand ͑1994͒ for cases where ͑t − t 1 ͒ Ӷ k . They pointed out that chain retraction plays an important role in both non-reversing and reversing flows. The simulation work by Hua et al. ͑1998͒ later confirmed the experimental trends noted in the previous experiment.
As entangled chains were subjected to a prior flow history, the entanglement structure could differ from that at equilibrium due to an imbalance between the formation of new entanglements and destruction of old ones via flow convection ͓Marrucci ͑1996͒; Ianniruberto and Marrucci ͑1996͔͒. Thus, a better understanding about the impact of the transient entanglement structure is essential if one wishes to more accurately describe the chain dynamics and associated rheological properties in fast flows. Earlier, it has extensively been reported that the entanglement density of polymers does not remain constant in continuous flows or during stress relaxation processes. Archer ͑1999a͒ proposed a procedure by using a small step shear immediately after the cessation of steady shear flows to investigate the variation in the transient entanglement density for a series of entangled polystyrene ͑PS͒ solutions. It was observed that the effective elastic modulus as probed by a later imposed step strain decreases with an increasing rate of the prior shearing, suggesting a lower entanglement density under a higher shear rate. Subsequently, Islam and Archer ͑2001͒ performed flow birefringence and rheological measurements to corroborate the impact of polymer entanglement density during transient and steady shear flows. Robertson et al. ͑2004͒ studied the re-entanglement kinetics after the cessation of steady shear flows for polybutadiene solutions. They found that an identical stress overshoot curve can be reached only when the rest period between the cessation and the resumption of steady shear flows is greater than several disengagement times. Isono et al. ͑1995͒ reported that for polyisobutylene ͓Isono and Ferry ͑1985͒; Isono et al. ͑1991͔͒ or polybutadiene ͓Isono and co-workers ͑1995, 1997͔͒ melts, the change in the entanglement structure immediately after single-or double-step strain flows may be probed by later superposing a small oscillatory deformation to the sample fluids. The differential storage modulus GЈ͑ , ␥ , t͒ thus measured slowly recovers to the value in pure small-amplitude oscillatory flows, reminiscent of an effect of transient entanglement structure. On the other hand, the simulation conducted by Hua and Yang ͑2002͒ indicated a notable entanglement density reduction under both transient and steady shearing/ elongation. Overall, these studies have consistently revealed a generally close relationship between material deformation and transient entanglement structure for entangled polymer liquids.
It appears to us, however, that no earlier experimental studies have conducted a direct assessment of the mean segmental stretch under controlled flow history, especially in view of the impact of varying transient entanglement property. Knowledge so obtained has an intimate implication in the interpretation of rheological data and in the construction of effective constitutive equations describing the average chain stretch. In the present study, double-step strain flows on two representative concentrated entangled solutions were employed to appraise the behavior of chain stretch and its relaxation with varying transient entanglement property achieved with specially designed protocols for imposing the first and the second strains. On the basis of an extended DE theory for double-step strain flows, the phenomenological stretch ͑relaxation͒ function following the imposition of a second large probe strain has been systematically evaluated. Anomalous impositiontime dependences of the stretch function found for the cases with two consecutive large strains were clearly suggestive of a notable impact of transient entanglement structure on the capability of microscopic chain stretch and its relaxation. In the following, Sec. II describes the material preparation and essential experimental details, Sec. III discusses the behavior of the phenomenological stretch function in single or double-step strain flows, and Sec. IV summaries the central findings and implications of this study.
II. EXPERIMENT A. Materials and sample preparation
The PS standard was purchased from Sigma-Aldrich Co. and has a reported weightaverage molecular weight of 2.0ϫ 10 6 Da and polydispersity index Յ1.02. We have prepared 18 wt % and 15 wt % entangled PS solutions in diethyl phthalate ͑DEP͒ and tricresyl phosphate ͑TCP͒, respectively. Assuming no volume change upon mixing, the polymer concentrations were estimated to be 0.20 and 0.17 g / cm 3 , respectively. For PS, the crossover to the concentrated regime occurs at concentrations approximately greater than 0.1 g / cm 3 ͓Inoue et al. ͑2002͒; Bhattacharjee et al. ͑2002͔͒. Thus, the effect of the solvent quality is negligible for the present sample solutions, and the number of entanglements per chain at equilibrium may be estimated by Z eq = ͑M w / M e ͒, where M e = 13, 300 is the entanglement molecular weight of PS melt at 413 K ͓Fetters et al. ͑1994͔͒, and is the polymer volume fraction. As shown in Table I , the estimated values of Z eq for PS/DEP and PS/TCP solutions are similar, except that the latter represents a relatively viscous solvent in which the Rouse time of PS can further be increased by a factor about 4. In preparing highly viscous solutions, however, it was noticed that polymer chains tend to adhere to the container wall during evaporation of the cosolvent ͑i.e., dichloromethane͒. This phenomenon could result in some uncertainty in determining the actual polymer concentration. Therefore, the sample solutions were prepared with the following procedure. ͑a͒ The mixed PS/TCP solution ͑ϳ1 ml͒ was diluted with the cosolvent to be a less viscous 3 wt % solution ͑ϳ5 ml͒. ͑b͒ Seal and shake the sample at ambient temperature for one week. ͑c͒ Evaporate the cosolvent from the sample in the hood and then add a slim amount of cosolvent to dissolve the sample material adhered to the container wall. ͑d͒ Place the bulk sample to a steel plate and allow the residue cosolvent to completely evaporate in the hood until a constant sample weight is measured ͑about 3 days͒. ͑e͒ Load the sample onto the measuring plate of cone-and-plate geometry using an appropriate tool. This sample preparation protocol was noticed to be an effective one as reproducible shear relaxation moduli from different batches can be ensured. The plateau modulus obtained from the best fit of G͑t͒ using G͑t͒ = G N ͑0͒ ͑t͒, where ͑t͒ is the effective tube survival probability.
B. Rheological measurements
All measurements were performed at 25°C on a rheometer ͑MCR 500, Anton Paar͒ equipped with cone-and-plate fixtures having a 25 mm cone diameter and a cone angle of 4°. Figure 1 shows the dynamic moduli of samples I and II, respectively, along with the predictions of the Milner-McLeish model ͓Milner and McLeish ͑1998͔͒. Relevant material properties of the sample solutions retrieved from linear viscoelastic data are compiled in Table I . Note that there is a wide separation between the Rouse time and the reptation time for both sample solutions. This feature is very important for the present experimental protocol to differentiate the impact of transient entanglement structure, as we describe later. Table II provides the discrete relaxation times i and moduli G i obtained from a simplex optimization method, which are capable of simultaneously fitting both dynamic moduli and linear relaxation modulus for each sample solution. In single or double-step strain flows, the gap between the cone and the plate was precisely controlled so that the target strain ͑within Ϯ3% error͒ can be accurately imposed to the sample. Figure 2 shows a typical plot of the applied strain history in the non-reversing flow. The imposition time t i for each target strain is approximately 0.06 s, which satisfies the criterion t i Ӷ R ͓Venerus ͑2005͔͒. All the data reported in this work represent the average from two independent measurements, and the corresponding error bars are also plotted. To minimize the effect of residual stress, the rest time between two separate experimental runs was kept to be no less than ten times of the reptation time. Moreover, the reported data were noted to be free from the effect of polymer degradation, and good data reproducibility was observed for all sample solutions studied. 
FIG. 2.
The applied strain history in non-reversing double-step strain flow for sample II. In this case, the time interval between ␥ 1 = 7 and ␥ 2 = 7 is 15.0 s and the inset shows the detailed deformation history of the second strain.
III. RESULTS AND DISCUSSION
A. Single-step strain flows Figures 3͑a͒ and 3͑b͒ show the theory/data comparisons in single-step strain flows for samples I and II, respectively. The theoretical prediction on the shear relaxation modulus   FIG. 3 . Comparison of the DE theory predictions ͓using Eq. ͑1͒ for 2 ͑t͔͒ with the experimental relaxation moduli of ͑a͒ sample I and ͑b͒ sample II at various strains in single-step strain flows.
G͑t , ␥͒ was obtained from the DE theory without the IA assumption ͓Doi and Edwards ͑1986͔͒, for which the mean-square segmental stretch has recently been derived to be ͓Doi ͑1980b͒; Wen and Hua ͑2006͔͒
where ␣ is a measure of the mean segmental stretch following an affine step strain: ␣ ª l͑t =0 + ͒ / l eq = ͉͗E · u͉͘ eq , and E and u are the displacement gradient tensor of the Finger strain tensor and the unit orientation vector of a Rouse segment, respectively. Here, N denotes the number of model Rouse segments and is set to be equal to Z eq . According to the DE theory, the stress relaxation in the single-step strain flow may be expressed as
where G N ͑0͒ is the plateau modulus, ͑t͒ is the tube survival probability ͑both quantities can be determined from linear relaxation data͒, Q xy ͑␥͒ is the universal orientation tensor, and 2 ͑t͒ ª ͗l 2 ͑t͒͘ / ͗l 2 ͘ eq denotes the mean-square segmental stretch. As shown in Fig. 3 , the DE theory along with Eq. ͑1͒ can reasonably describe the nonlinear stress relaxation data under investigation. Besides, the time-strain factorability was observed at long times. As usually noted with PS solutions, however, the long-time damping function exhibited by the data is systematically less strain-softening than predicted by the DE theory. The results shown here will later be contrasted with those obtained in double-step strain flows, so that the impact of varying transient entanglement density on the average chain stretch and its relaxation can be systematically explored.
B. Double-step strain flows
Given that the qualitative stress responses of samples I and II in non-reversing or reversing double-step strain flows were quite similar, the following discussion focuses mainly on the rheological features of sample I. For reasons to be detailed later, the imposition time t 1 / R in all cases was selected to range from 3 to 12, except in a few cases where the results for t 1 comparable with the reptation time were provided for comparative purpose. Figures 4͑a͒ and 4͑b͒ show the stress response of sample I at a strain combination of ͑␥ 1 , ␥ 2 ͒ = ͑0.5, 7͒ and ͑␥ 1 , ␥ 2 ͒ = ͑7,7͒, respectively, for various t 1 . An important observation is that, while the stress gained upon the imposition of the second strain basically remains independent of t 1 for the case ͑␥ 1 , ␥ 2 ͒ = ͑0.5, 7͒, there is a systematic increase in the stress level for the case ͑␥ 1 , ␥ 2 ͒ = ͑7,7͒ with increasing t 1 , until an eventual saturation at t 1 comparable with a single reptation time. The significance of these essential features will be discussed later.
As shown in Figs. 5͑a͒-5͑c͒, at ͑␥ 1 , ␥ 2 ͒ = ͑0.5, 7͒ the whole stress relaxation curves after the second strain are nearly identical as the data are replotted against ͑t − t 1 ͒. In contrast, at ͑␥ 1 , ␥ 2 ͒ = ͑7,7͒ the magnitude of the short-time stress shown in Figs. 6͑a͒-6͑c͒ systematically reduces with decreasing t 1 , as already noticed in Fig. 4͑b͒. Figures 7 and 8 show the results for reversing flows. A similar trend for the short-time stress response was noticed, except that the behavior of the long-time damping function differs notably. Namely, while the long-time damping function in non-reversing flows shown in Figs. 6͑a͒-6͑c͒ approaches from upward the usual one in single-step strain flow, the converse trend was observed for reversing flows shown in Figs. 8͑a͒-8͑c͒ . The similarity as well as disparity noted with the two types of double-step strain flows will be discussed momentarily.
To systematically analyze the data shown in Figs. 5-8, we first consider the original DE theory for double-step strain flows without the IA assumption ͓Doi and Edwards ͑1986͔͒,
where A͑␤͒ and ␤͑␥͒ are as defined in the original paper of Doi ͑1980a͒. An important spirit of Eq. ͑3͒ is that the stress relaxation in the double-step strain experiment can be evaluated on the basis of the data collected in the single-step strain experiment. To further   FIG. 4 . Stress responses of sample I at the strain combinations of ͑a͒ ͑␥ 1 , ␥ 2 ͒ = ͑0.5, 7͒ and ͑b͒ ͑␥ 1 , ␥ 2 ͒ = ͑7,7͒, respectively, in non-reversing double-step strain flows. 4 G N ͑0͒ 2 ͑t − t 1 ͕͒Q xy ͑␥ 2 ͒͑t − t 1 ͒ + A͑␤͓͒Q xy ͑␥ 1 + ␥ 2 ͒͑t͒ − Q xy ͑␥ 2 ͒͑t͔͖͒.
͑4͒
In a similar spirit, the stretch ͑relaxation͒ function 2 ͑t − t 1 ͒ might, in principle, be evaluated from the data collected in single-step strain experiment. In general, however, one must consider the effects of the chain stretch and orientation relaxation due to the first strain. For sufficiently entangled solutions as presently investigated, there indeed exist certain intermediate times when the stretch function becomes largely unaffected by the prior chain stretch, i.e., t 1 ӷ R , and orientation relaxation, i.e., t 1 Ӷ d . Under these circumstances, the behavior of the stretch function defined above may be utilized to discern the sole effect of transient entanglement structure, by systematically varying t 1 in the indicated regime ͑i.e., R Ӷ t 1 Ӷ d ͒. It is, in fact, from this essential perspective that the present study is to be contrasted with the early work by Venerus and Kahvand ͑1994͒, who have mainly considered the cases with t 1 Ӷ R .
For comparison, Figs. 5-8 also include the predictions of Eq. ͑4͒ using 2 ͑t − t 1 ͒ evaluated from the single-step strain experiment with ␥ = ␥ 2 = 7. As we discuss shortly, the systematic deviations noticed in the theory/data comparisons shown in Figs. 6 and 8 for decreasing t 1 might-to a large extent-be ascribed to the effect of the transient entanglement loss. In the following analysis, Eq. ͑4͒ will instead be utilized as a definition of the phenomenological stretch function 2 ͑t − t 1 ͒, which is to be evaluated from the data shown in Figs. 5-8 for double-step strain experiments.
Figures 9 and 10 show the behavior of 2 ͑t − t 1 ͒ in non-reversing and reversing flows, respectively; the Doi-theory prediction ͓Eq. ͑1͔͒ along with the experimental data on single-step strain flow with ␥ = 7 were included for comparison. For both sample solutions, it can be seen from Fig. 9 that in non-reversing flows with ͑␥ 1 , ␥ 2 ͒ = ͑0.5, 7͒, a variation in t 1 does not alter the subsequent chain stretch and relaxation behavior and the results differ only marginally from that of the single-step strain flow. The agreement found here for various values of t 1 also implies that one has essentially encountered a similar orientation state within the range of t 1 considered, as manifested by the DE predictions ͓Eq. ͑3͔͒ shown in Figs. 5 and 6. On the other hand, for the case with ͑␥ 1 , ␥ 2 ͒ = ͑7,7͒, where two consecutive large strains have been imposed, there is an evident t 1 dependence of the stretch function not observed earlier for ͑␥ 1 , ␥ 2 ͒ = ͑0.5, 7͒, and the stretch function systematically reduces in magnitude with decreasing t 1 . Precisely, compared with single-step strain result, the maximum mean-square segmental stretch 2 reduces by an amount of 33% and 31% for samples I and II, respectively, for the case t 1 / R = 3. Moreover, observing that different stretch functions do not seem to superpose through a vertical shifting, it appears that even the stretch relaxation behavior is modified too.
It is now of interest to examine the results for reversing flows shown in Fig. 10 . First, at a small first strain, i.e., ͑␥ 1 , ␥ 2 ͒ = ͑−0.5, 7͒, the stretch function is-again-largely unaffected by varying the imposition time t 1 , and the results differ not much from singlestep strain result with ␥ = 7. In contrast, the stretch function for ͑␥ 1 , ␥ 2 ͒ = ͑−7,7͒ exhibits virtually the same type of deviation with varying t 1 as has been observed for the case ͑␥ 1 , ␥ 2 ͒ = ͑7,7͒ in non-reversing flows. The maximum value of 2 was noted to reduce by an amount of 48% and 37% for samples I and II, respectively, compared with the singlestep strain result. Thus, there appears to be a more pronounced modification in the average chain stretch for reversing flows.
It is significant to note that from the results shown in Figs. 9 and 10, the behavior of the stretch function 2 ͑t − t 1 ͒ is basically independent of the direction of imposing the second strain, and hence the essential trends currently noted could be universal for entangled solutions. Our tentative interpretation of this phenomenon is as follows. The imposition time of the second strain t 1 / R =3−12 is close to the estimated time for principal chain retraction ͓approximately t Ϸ 4.5 R according to Osaki et al. ͑1982͔͒ , yet substantially shorter than the reptation time at which orientation relaxation formally commences. At an imposition time close to t 1 Ϸ 3 R , one would therefore anticipate a transient minimum in the average entanglement density due to the entanglement loss caused by prior chain retraction. Further increasing t 1 leads to a progressive recovery of the equilibrium entanglement density via the early-stage chain reptation and/or chain-
FIG. 9.
The phenomenological stretch functions evaluated in non-reversing double-step strain flows for ͑a͒ sample I and ͑b͒ sample II. The prediction of Eq. ͑1͒ and data on single-step strain flow with ␥ = 7 are included for comparison. length fluctuations. Thus, it should not be surprising to see that the bulk flow becomes less effective in stretching individual chains under a smaller average entanglement density, as marked by a smaller value of t 1 in the indicated regime.
In the above interpretation, we have essentially ignored the influences of a varying degree of orientation relaxation or residue chain stretch ͓Archer ͑1999b͔͒ at various imposition times for t 1 . Taking into account either effect would, however, lead to qualitatively different t 1 dependences of the stretch function for non-reversing and reversing flows, respectively. This central observation, in fact, emphasizes the importance of contrasting the rheological responses under two distinct types of double-step strain flows in order to discriminate the impact of transient entanglement property. On the other hand, it is possible that these effects were nevertheless responsible for a comparatively more pronounced deviation seen in Fig. 10 for reversing flows. Recall that the long-time damping function has exhibited a different type of deviation from the single-step strain result in the two types of double-step strain flows. Considering a greater stress that remains at a shorter imposition time t 1 due to a less degree of orientation relaxation and/or a larger residue chain stretch, the second strain in non-reversing flows would better superpose the first one and thus lead to a more positive deviation in the long-time damping function, as observed in Fig. 6 . The converse trend can be expected for reversing flows, as seen in Fig. 8 . Thus, it could be a combination of both effects-transient entanglement loss and remaining stress-that happen to act in the same direction in reversing flows and, consequently, result in a more pronounced modification in the stretch function than for non-reversing flows.
From a virtually distinct perspective, Wang and co-workers ͑2006, 2007͒ recently reported, mainly for polybutadiene melts or solutions, that the transient entanglement breakup due to force imbalance of mutually entangled strands prevails in transient or steady flows. Presumably, any reduction in transient entanglement density due to the usual Rouse retraction-as we have considered here-or due to the transient force imbalance, as suggested by Wang and co-workers ͑2006, 2007͒, might result in a similar response in the stretch function.
Finally, the significance of the experimental trends discussed above may also be perceived by noting that existing molecular theories or constitutive equations for entangled polymers typically ignored the effects of transient entanglement properties in modeling the average chain stretch. More specifically, chain stretch has commonly been formulated as a function of the instantaneous chain stretch and orientation state alone, although some theories indeed took into account, only in an implicit manner, an enhanced chain retraction due to constraint releases. From this standpoint, the present study appears to suggest that a more accurate description of nonlinear rheological properties of entangled polymer liquids must also rely on the ability to monitor the transient entangled state as well as to properly account for its impact on the chain stretch and the subsequent relaxation.
IV. CONCLUSIONS
Double-step strain flow experiments both non-reversing and reversing on two representative PS solutions with specially designed protocols for imposing the first and the second strains were employed to study the phenomenological chain stretch and its relaxation under the influence of varying transient entanglement property. Specifically, the imposition times of the second strain t 1 have been so chosen ͑i.e., t 1 / R =3−12͒ that the subsequent stress relaxation was anticipated to be largely unaffected by prior chain stretch ͑i.e., t 1 ӷ R ͒ or orientation relaxation ͑i.e., t 1 Ӷ d ͒, thereby providing a unique opportunity for one to appraise the impact of transient entanglement structure on the average chain stretch and its relaxation. Independent of the direction of imposing the second strain, the same type of deviation in the stretch function with varying t 1 has been identified for the cases with two consecutive large strains. Compared with single-step strain result, the maximum mean-square segmental stretch was noted to reduce by as much as 33% and 48% for non-reversing and reversing flows, respectively, with a probe strain ␥ 2 = 7. These essential rheological features were interpreted by noting that the bulk flow becomes less effective in stretching individual chains under a smaller transient entanglement density, as marked by a smaller value of t 1 in the indicated regime. On the other hand, influences from a varying degree of orientation relaxation or residue chain stretch for the range of t 1 considered were argued to play-at best-minor roles in affecting the stretch function, although they might be responsible for a relatively more modified chain stretch in reversing flows, as well as for the anomaly noted with the long-time damping functions for both types of double-step strain flows. Presumably, the transient entanglement loss caused by mechanisms other than the usual Rouse retraction might result in similar rheological responses as noted above. Overall, the present experimental study directly assessing the average chain stretch in transient entangled polystyrene solutions, along with early experimental findings, suggests that the transient entanglement structure is of importance to capture for a more accurate description of the stress quantities in flowing entangled polymers.
